Introduction
In the Associazione Italiana Ematologia Oncologia Pediatrica (AIEOP) and Berlin-Frankfurt-Münster (BFM) acute lymphoblastic leukemia (ALL) 2000 study, both the AIEOP and BFM used prospective evaluation of minimal residual disease (MRD) for patient stratification. [1] [2] [3] [4] In the studies AIEOP-ALL 91 and ALL-BFM 90, it was shown that conventional induction therapy (5 weeks) followed by 9 chemotherapy blocks and maintenance therapy led to poor results (5- year event-free survival [EFS] of 40%) in high-risk (HR) patients (approximately 15% of the ALL population), including infants and children with Philadelphia-positive ALL. 5, 6 In the subsequent AIEOP ALL 95 study, treatment strategy was based on conventional BFM therapy and intensified with 3 chemotherapy blocks and double-reinduction therapy and improved the outcome of HR patients, with a 5-year EFS of 53%. 7, 8 Similar results were obtained in the ALL-BFM 95 study substituting reinduction protocol II for 3 blocks. 9 The 95 study's therapeutic approach was thus adopted in the AIEOP-BFM ALL 2000 study, where MRD response was regarded as the most important prognostic factor. [1] [2] [3] 10, 11 Stratification criteria were common for the AIEOP and BFM studies, but there were differences in the treatment of HR patients and the indications for hematopoietic stem cell transplantation (HSCT) that justify separate reporting. Therefore, results obtained in HR patients treated with chemotherapy or HSCT in the context of the AIEOP ALL 2000 study are reported here.
Methods

Patients
The AIEOP-BFM ALL 2000 study was approved by the ethical committees of all participating institutions. The study was conducted in accordance with the Declaration of Helsinki. From September 1, 2000, to July 31, 2006, a total of 1999 patients with Philadelphia-negative ALL between 1 and 18 years of age were diagnosed in one of the 41 participating study centers in Italy and were eligible to enter the AIEOP-BFM ALL 2000 study. Of these, 312 (15.6%) were stratified in the HR group on the basis of at least one of the following criteria: prednisone poor response (PPR) (patients with at least 1000 blast cells per mL peripheral blood after 7 days of prednisone monotherapy and 1 injection of intrathecal methotrexate [MTX] ), failure to achieve complete remission (CR) after the first 5 weeks (day 33) of induction therapy (protocol IA), evidence of translocation t(4;11) upon prospective screening, and MRD level $ 10 23 (MRD level 10 23 indicates the interval of values between $5 3 10 24 and ,5 3 10 23 ) at day 78 bone marrow (BM) aspirate, after induction and consolidation therapy (protocol IA and IB). 2, 3 Diagnostic studies
The diagnosis of ALL was confirmed using cytomorphology and cytochemistry (French-American-British criteria) when $25% of lymphoblastic cells were present in the BM. For all samples, flow-cytometric immunophenotyping and screening of ETV6-RUNX1, BCR/ABL, and MLL/AF4 fusion transcripts were performed.
CR was defined as the absence of physical signs of leukemia or detectable leukemia cells on blood smears, a BM with active hematopoiesis and ,5% leukemia blast cells, and normal cerebrospinal fluid. Patients who did not achieve CR at the end of induction phase IA were treated with phase IB of protocol I followed by 3 HR blocks; resistance was defined as failure to achieve CR by the end of the third HR block (see Table 1 for protocol details).
MRD analysis and stratification
The logistics of the study, cell sample isolation, and identification of the markers for MRD evaluation have been reported elsewhere. 1 MRD polymerase chain reaction targets were tested for specificity and sensitivity with the aim of selecting for each patient 2 targets with a sensitivity of at least 10 24 and a quantitative range of at least 10 24 for 1 target and at least 5 3 10 24 for the second target. MRD was measured at 2 time points (TP): day 33 (TP1, at the end of induction IA) and day 78 (TP2, at the end of consolidation IB). Patients were defined as MRD standard risk (MRD-SR) if MRD was found to be negative at both TP1 and TP2, MRD intermediate risk (MRD-IR) when MRD was positive at one or both TPs but at a level of ,5 3 10 24 at TP2, or MRD high risk (MRD-HR) if MRD was $5 3 10 24 at TP2. 2, 3 Treatment protocol All patients were treated according to the AIEOP-BFM ALL 2000 study 2, 3 in the HR protocol, as described in Table 1 . Briefly, in the induction and consolidation phase, all patients underwent 7 days of prephase with steroid therapy (prednisone) and 1 intrathecal dose of MTX, followed by induction protocol IA and consolidation protocol IB; from day 8, patients were randomized to continue steroid treatment with either prednisone (60 mg/m 2 per day) or dexamethasone (10 mg/m 2 per day) until day 28 and subsequent tapering doses. In the intensification and reinduction phases, patients were randomized to receive either 3 blocks of non-cross-resistant drugs followed by protocol III given 3 times or protocol II given twice. For maintenance therapy, daily 6-mercaptopurine plus weekly MTX was given for a total duration of 24 months from diagnosis. For central nervous system (CNS) directed therapy, intrathecal MTX was given during each treatment phase preceding cranial radiotherapy (dosage by age; see Table 1 ). Randomized questions were powered to be answered jointly by AIEOP and BFM and are not the focus of this paper.
Indications for allogeneic HSCT from a matched family donor (MFD) or matched unrelated donor (MUD) are shown in Table 2 . Although not indicated, some patients were given allogeneic HSCT from an HLAmismatched donor (MMD). By protocol, HSCT was planned after the third HR block; preparative regimens were according to center strategy and usually included total body irradiation.
Statistical analysis
The principal end points in the analysis of treatment results were EFS, diseasefree survival (DFS), and overall survival (OS). EFS was defined as the time from diagnosis to first failure, which was defined as death during induction therapy, resistance, relapse, death in remission, or development of a second malignant neoplasm. DFS was defined as the time elapsing from CR until relapse, death during CR, or development of a second malignant neoplasm. OS was defined as the time from diagnosis (or time from CR, when stated) to death from any cause. Observation of patients was censored at time of last contact, when no events were observed.
The Kaplan-Meier method was used to estimate the probabilities of EFS, DFS, and OS, with standard errors (SE) calculated according to Greenwood's formula. Curves were compared using the log-rank test. Kaplan-Meier plots that compared HSCT with chemotherapy were adjusted to account for the waiting time to transplantation. For DFS, the curves originate at a landmark (median time from first CR to transplantation) where the sets at risk do not include patients who had events or whose data were censored before that time; the curves account for patients who underwent HSCT after the landmark by delayed entry. The corresponding analysis of survival is done starting from the same sets at risk at the same landmark as in DFS curves. To deal with lack of proportional hazards between the 2 treatment groups, univariate comparison between these curves was performed at a predefined time point of 5 years from remission based on log-log transformation. 12 In Cox regression analyses, treatment was considered to be a timedependent variable. Thus, each patient was included in the chemotherapy group until transplantation. The time dependence of the treatment effect (ie, nonproportional hazards) was accommodated by including a term for the interaction of time (log transformed) and treatment in the regression analysis. 13, 14 Estimated hazard ratios in time were reported with 99% confidence interval (CI).
Follow up was updated in June 2013. Analyses were carried out using SAS version 9.2.
The study was registered at the US National Institutes of Health website (http://www.clinicaltrials.gov) as "Combination Chemotherapy based on Risk of Relapse in Treating Young Patients with Acute Lymphoblastic Leukaemia" with the protocol identification number NCT00613457.
Results
Clinical and biological characteristics of the 312 patients in the HR group are reported in Table 3 . As shown in column 5, approximately two-thirds of the patients were male; one-third had either age $10 years or hyperleukocytosis ($100 000 white blood cells [WBCs] per mL) or T-cell immunophenotype. Few HR patients presented with known favorable features, namely TEL/AML1 translocation (4.2%) or high hyperdiploidy (DNA index $1.16 and ,1.6; 10.5%).
Criteria for inclusion of children in the HR group are presented in Table 3 , in hierarchical order from column 1 to column 4. Thus, in column 1, the subset of 132 patients (42.3%) includes those who presented with MRD $ 5 3 10 24 at day 78, regardless of the remaining features, and so on for the subsequent columns 2 to 4. Consequently, column 4 identifies 152 (48.7%) patients who were defined as HR only because of their poor response to prednisone. Only 17 (5.4%) and 11 (3.5%) patients were hierarchically classified at HR for no CR at day 133 or t(4;11) translocation, respectively (columns 2 and 3). Supplemental  Table 1 (available on the Blood Web site) shows in detail those patients who presented a combination of HR criteria.
Median follow-up was 8.9 years from diagnosis, with a minimum potential follow-up of 7 years and with most patients updated in the last 2 years (180 of 209 alive). The overall 5-year and 10-year EFS was 58.9% (SE 5 2.8) and 55.2% (SE 5 3.0) with a corresponding survival of 68.9% (SE 5 2.6) and 66.8% (SE 5 2.7), respectively ( Figure 1 ). The univariate description of EFS by clinical features shows trends in keeping with the role of conventional prognostic factors (gender, age, WBC count, and immunophenotype) ( Table 3) . Among the 13 TEL/AML1-positive patients, 4 relapses were recorded: 2 in the 4 children who had MRD-HR and 2 in the 9 at HR only because of PPR. The 31 high-hyperdiploid patients had a 5-year EFS of 79.3% (SE 5 7.6), as compared with 57.7% (SE 5 3.0) in patients with a DNA index ,1.16 or $1.6. Interestingly, 24 HR patients were MRD negative at both time points (MRD-SR) and only one of them relapsed at 6.3 years after the diagnosis. Table 4 presents outcome by subgroups (in hierarchical order, columns 1-4) and overall (column 5). One PPR patient died during phase IA of sepsis. Thirty-two patients were not in CR at the end of induction phase IA (15 of them were in the MRD-HR subgroup); out of the 26 who eventually achieved CR, 13 were alive in continuous CR at 5 years. Only 6 were eventually resistant to therapy, because they did not achieve CR by the end of the chemotherapy blocks (1.9% of the HR patients and 0.3% of the whole AIEOP study population); all of them subsequently died. *Age-adjusted doses of intrathecal MTX: $1 and ,2 y: 8 mg; $2 and ,3 y: 10 mg; $3 y: 12 mg †According to first randomization (Ò). ‡Leucovorin rescue: 7.5-mg/m 2 dose for levorotatory compound given at hours 42, 48, and 54 for HD-MTX 5 g/m 2 .
§Dexamethasone in protocol II in HR patients aged $10 y: 10 mg/m 2 days 1 to 7 and 15 to 21.
||Patients with initial CNS involvement received additional intrathecal therapy on day 8 and 22 during induction protocol IA.
{Cranial radiotherapy was administered after the first reinduction phase (during the interim phase) at the following dose: age 1 to 2 y, 12 Gy (preventive) or 18 Gy (therapeutic for CNS involvement at diagnosis); age $2y, 18 Gy (preventive) or 24 Gy (therapeutic for CNS involvement at diagnosis).
#Doses were adjusted to WBC count (target range, 2000-3000 per mL).
Relapse was diagnosed in 105 patients and it occurred late ($30 months from diagnosis) only in 20 patients (6 in extramedullary sites). BM was involved in most relapses (n 5 83; 79%). A total of 8 second malignant neoplasms were reported, all in nontransplanted patients (described in Table 4 ), of whom 2 glioblastomas could be related to cranial radiotherapy. Death in continuous CR (CCR) occurred in 15 patients (of whom 9 died after HSCT). The EFS by HR criteria shows that outcome is relatively favorable in patients at HR only because of PPR (5-year EFS of 74.0%; SE 5 3.6) whereas it is markedly worse, in the order of 40%, in the remaining patients, mostly represented by the large MRD-HR subgroup (P , .001; Figure 2 ).
Results of HSCT
A total of 226 patients who satisfied criteria for HSCT in first remission (see Table 2 ) had a 5-year DFS and OS of 52.9% (SE 5 3.3) and 63.1% (SE 5 3.2), respectively. Overall, 81 patients were transplanted at a median of 5.7 months after achieving CR1 from an MFD (47 patients; median time to transplantation, 5.3 months), MUD (19 patients; median time to transplantation, 6.4 months), or MMD (15 patients; median time to transplantation, 7.0 months). Results by type of donor were similar, with a 5-year DFS from HSCT of 55.2% (SE 5 7.3), 63.2% (SE 5 11.1), and 53.3% (SE 5 12.8) after MFD, MUD, and MMD HSCT, respectively (P 5 .86; supplemental Table 2 ).
Comparison of outcome after HSCT or chemotherapy has been performed adjusting by the overall median waiting time to transplant within the 3 subgroups indicated in Table 2 by eligibility criteria to HSCT. In the subgroup of 72 patients who were at HR only for PPR and were eligible for MFD HSCT due to hyperleukocytosis or T-cell immunophenotype ( Table 2) , with only 12 transplanted patients (as Table 2 . Indications for allogeneic HSCT by subgroup For personal use only. on November 13, 2017. by guest www.bloodjournal.org From expected by the probability of having an MFD), the overall 5-year DFS was 66.6% (SE 5 5.6) and survival was 81.9% (SE 5 4.5). As shown in Table 5 , the relapse rate was 16.7% after HSCT and 38.3% after chemotherapy, with CCR rates (not adjusted for waiting time to HSCT) of 83.3% and 58.3%, respectively. The adjusted 5-year DFS was 83.3% (SE 5 10.8) and 67.7% (SE 5 6.3), respectively, for transplanted or chemotherapy patients (P 5 .31), with a survival of 83.3% (SE 5 10.8) and 81.9% (SE 5 5.4) (P 5 .91; Figure 3A-B ).
Because some relapses in the chemotherapy patients occurred late, OS might change with a longer follow-up.
A total of 92 patients were eligible for MFD HSCT due to t(4;11) translocation only or an MRD level of 10 23 at TP2 ( Table 2 , subgroup 2), and 28 of them were transplanted. The overall 5-year DFS and survival was 46.1% (SE 5 5.3) and 56.9% (SE 5 5.2). The relapse rate was 32.1% after HSCT and 45.3% after chemotherapy, with CCR rates (not adjusted for waiting time to HSCT) of 53.6% and (1.7) . ‡Cause of death and time of death were hemolytic uremic syndrome (n 5 1, at 0.5 y from diagnosis), sepsis (n 5 2, at 0.2 and 0.3 y), pneumonia (n 5 2, at 0.5 and 1.3 y), and brain hemorrhage (n 5 1, at 1.0 y). Table 5 ). The adjusted 5-year DFS was 51.1% (SE 5 9.6) and 47.2% (SE 5 6.6) (P 5 .74) and survival was 59.3% (SE 5 9.4) and 59.3% (SE 5 6.6) (P 5 .99) for HSCT and chemotherapy patients, respectively ( Figure 3C-D) . The Cox regression model was applied in this relatively large subgroup in order to describe the effect of HSCT on DFS and survival compared with chemotherapy ( Table 6 ). The early disadvantage estimated for HSCT patients in the first year from first CR, both for DFS and survival, was counterbalanced by a progressively lower hazard of events in subsequent years.
43.8%, respectively (
According to the Cox model on DFS, the hazard of failure (relapse or death in remission) was reduced, although not significantly (ie, the CI always includes the value 1 for the hazard ratio), to one-third at 3 years (hazard ratio 5 0.30; 99% CI, 0.06-1.52) in HSCT patients as compared with those given chemotherapy only. The same pattern was observed for the Cox model on survival.
Finally, the third subgroup of patients (n 5 62) was also eligible for MUD HSCT owing to MRD $ 10 22 at TP2, no remission at day 133, or t(4;11) translocation and PPR (Table 2, subgroup 3) and included 41 transplanted patients. The overall 5-year DFS and survival was 46.8% (SE 5 6.3) and 50.0% (SE 5 6.4). The relapse rate was 36.6% after HSCT and 66.7% after chemotherapy, with CCR rates (not adjusted for waiting time to HSCT) of 51.2% and 23.8%, respectively ( Table 5 ). The adjusted 5-year DFS was 50.5% (SE 5 8.0) vs 54.7% (SE 5 13.6) (P 5 .79) and survival was 58.1% (SE 5 8.0) vs 51.7% (SE 5 13.4) (P 5 .68) ( Figure 3E-F) . The marked difference between curves adjusted or not adjusted is explained by the fact that, in patients treated with chemotherapy, 5 relapses and the 2 deaths in CCR occurred within 5.7 months after the first CR (ie, before the median waiting time to HSCT) and are thus not counted in the adjusted DFS and OS curves. The Cox model does not show a significant difference in time for both DFS and survival.
A further subgroup analysis was performed to assess the impact of HSCT according to immunophenotype in patients belonging to subgroups 2 and 3. As shown in supplemental Figure 1 , more favorable, although not statistically significant, results were obtained in T-cell ALL patients given HSCT (n 5 26, of whom 20 had MRD-HR) compared with those treated with chemotherapy only (n 5 29, of whom 25 had MRD-HR). The 5-year DFS was 59.7% (SE 5 9.8) vs 
Discussion
In the AIEOP-BFM ALL 2000 study, about 15% (312 of 1999 patients) of the AIEOP patients with noninfant and non-Philadelphia-positive ALL were included in the HR group.
About one-half of them (n 5 152) were at HR only because of PPR. They achieved good results, with a 5-year EFS of 74.0% and an OS of 86.7% (Table 4 ). This finding confirms the benefit of a comprehensive BFM-backbone therapy intensified by polychemotherapy blocks, as previously reported. 8, 9 Although intensive, this chemotherapy regimen was relatively safe, being associated with only 2 deaths in CCR. Interestingly, among the 152 patients at HR only for PPR, 23 were MRD-SR and their EFS was 100% at 5 years; it should be noted, however, that a relapse occurred at 6.3 years from diagnosis. These data suggest that future treatment strategies for these patients should focus on limiting long-term toxicity. Study questions for these patients could thus investigate the impact of Table 2 ): 72 PPR patients eligible for HSCT because of $100 000 WBC or T-cell or pro-B-cell immunophenotype or MRD $10 22 at TP1, of whom 12 underwent HSCT (panels A and B for DFS and survival, respectively); 92 patients eligible for HSCT because of MRD level 10 23 at TP2 or t(4;11) and prednisone good response of whom 28 underwent HSCT (panels C and D for DFS and survival); and 62 patients eligible for HSCT because of MRD level $10 22 at TP2 or no CR after induction IA or t(4;11) and prednisone poor response, of whom 41 underwent HSCT (panels E and F for DFS and survival). The curves were adjusted for waiting time to transplantation, so that the 0 on the time axis corresponds to the median time from first CR to HSCT (5.7 months); patients were assigned to the treatment group in a timedependent fashion. Patients with relapses or deaths occurring before the median waiting time to transplant thus are not counted. HSCT, hematopoietic stem cell transplantation.
omitting cranial radiotherapy or reducing cumulative doses of anthracyclines and/or steroids to minimize the risk of secondary malignant brain tumors, 15, 16 intellectual impairment, 17 heart toxicity, 18 and osteonecrosis. 19, 20 Half of the HR patients (n 5 160) could be regarded as very HR, because they presented, in a cascade order, with MRD-HR levels (n 5 132) or no CR after 5 weeks of therapy (n 5 17) or t(4;11) translocation (n 5 11), with some of them having a combination of these features. In the studies done in the early 1990s, where MRD was assessed but not used for stratification, MRD-HR was associated with a dismal prognosis (5-year EFS of 20%). 4 Results obtained in the AIEOP-ALL 2000 study suggest that the conventional BFM therapy, intensified with polychemotherapy blocks, although of some benefit, remains unsatisfactory for these patients (5-year EFS of 44.7%).
Overall, 32 patients were not in CR after the first 5 weeks of therapy. Of the 12 patients with an M3 marrow, 8 achieved CR subsequently but only 2 remain in CCR (both after HSCT); of the remaining 20 patients (17 with an M2 marrow and 3 with persistent extramedullary disease), 18 obtained a CR subsequently, with 11 remaining in CCR. Thus, a relevant fraction of patients not responding to the initial 5 weeks of therapy may be rescued by subsequent treatment, although prognosis remains dismal for patients with an M3 marrow, as recently reported. 21 True resistance to treatment, as defined in our protocol, was exceedingly rare (6 patients, or 0.3% of all patients) and invariably associated with fatal outcome. The last subgroup of very HR patients is identified by the t(4;11) translocation, and their prognosis was poor regardless of MRD response (3 out of 5 MRD-HR and 4 out of 11 non-MRD-HR patients remain in CR). These poor results despite intensive BFM therapy, including HSCT, suggest that these patients need innovative therapies, possibly targeted for specific biological features. 22 After describing raw numbers of events, the statistical comparison of HSCT and chemotherapy always accounted for waiting time to transplantation. 23 The curves thus originate at the landmark of 5.7 months after first CR and do not show a significant advantage for HSCT over chemotherapy on DFS. The more complex analysis performed with the Cox model on DFS in the larger subgroup of patients (subgroup 2) shows how the initial advantage of chemotherapy changes into a disadvantage in favor of HSCT as time increases, due to late relapses after chemotherapy. The univariate analysis, with comparison of DFS curves at 5 years, indicates that the Cox model may overstate the late-term benefit of HSCT in this subgroup.
Interestingly, we found that T-cell ALL patients belonging to subgroups 2 and 3 seemed to benefit from HSCT both for DFS and survival. This difference is due to the very poor outcome of T-cell ALL patients with HR features when treated with chemotherapy (5-year DFS of 31.9% and survival of 40.4%).
Due to the high impact of MRD criteria for HSCT eligibility, these results are not directly comparable with previous I-BFM-SG experience, which showed an advantage for patients with an MFD 24 or T-cell ALL. 25 A study contemporary to AIEOP-BFM ALL 2000, which used the same stratification criteria, has been published recently. 26 In that study, however, different postinduction/consolidation HR chemotherapy blocks were used and indications for MUD HSCT were broader, resulting in about 50% of HR patients undergoing HSCT (compared with 25% of patients in our study). Crucial for these patients might be the identification of an effective consolidation disease control with MRD level reduction before HSCT. (Unfortunately, these data are not available in our series.)
In conclusion, our data show that current BFM therapy is quite effective for patients at HR only because of PPR but remains inadequate for HR patients identified by high MRD levels ($5 3 10 24 ) after induction/consolidation therapy. Furthermore, these results do not support the indication for HSCT in patients at HR only for PPR (who might instead benefit from optimization of therapy aimed at reducing long-term toxicity or sequelae) and indicate that new treatment strategies are needed in patients with high MRD levels, especially those with the T-cell ALL immunophenotype. Conflict-of-interest disclosure: The authors declare no competing financial interests.
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